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Background: Artesunate is capable of inducing cell death in cancer cells.
Results: Artesunate accumulates in lysosomes and promotes lysosomal function and ferritin degradation, leading to mitochon-
drial reactive oxygen species production and eventually cell death.
Conclusion: Intracellular iron and ferritin degradation is essential for artesunate-induced lysosomal activation and cell
death.
Significance: This work reveals a novel mechanism underlying artesunate-induced cell death.

Artesunate (ART) is an anti-malaria drug that has been shown
to exhibit anti-tumor activity, and functional lysosomes are
reported to be required for ART-induced cancer cell death,
whereas the underlying molecular mechanisms remain largely
elusive. In this study, we aimed to elucidate the molecular mech-
anisms underlying ART-induced cell death. We first confirmed
that ART induces apoptotic cell death in cancer cells. Interest-
ingly, we found that ART preferably accumulates in the lyso-
somes and is able to activate lysosomal function via promotion
of lysosomal V-ATPase assembly. Furthermore, we found that
lysosomes function upstream of mitochondria in reactive oxy-
gen species production. Importantly, we provided evidence
showing that lysosomal iron is required for the lysosomal acti-
vation and mitochondrial reactive oxygen species production
induced by ART. Finally, we showed that ART-induced cell
death is mediated by the release of iron in the lysosomes, which
results from the lysosomal degradation of ferritin, an iron stor-
age protein. Meanwhile, overexpression of ferritin heavy chain
significantly protected cells from ART-induced cell death. In
addition, knockdown of nuclear receptor coactivator 4, the
adaptor protein for ferritin degradation, was able to block ART-
mediated ferritin degradation and rescue the ART-induced cell
death. In summary, our study demonstrates that ART treatment
activates lysosomal function and then promotes ferritin degra-
dation, subsequently leading to the increase of lysosomal iron
that is utilized by ART for its cytotoxic effect on cancer cells.

Thus, our data reveal a new mechanistic action underlying ART-
induced cell death in cancer cells.

Artesunate (ART),3 a water-soluble derivative of artemisinin,
has been widely used for treatment of malaria (1). ART,
together with other derivatives of artemisinin, was first shown
to exhibit toxicity to Ehrlich ascites tumor cells (2). At present,
there is an increasing amount of evidence suggesting that ART
has an anti-cancer function (3). For instance, ART has been
shown to induce apoptosis and necrosis in multiple human can-
cer cells (4, 5). The anti-cancer effects of ART also include the
following: cell cycle arrest (6), inhibition of angiogenesis (7),
and reduction of cell invasion and metastasis (8). Moreover, the
anti-cancer potential of ART has also been tested in a number
of animal cancer models (4, 6, 9). However, the exact mecha-
nisms underlying ART-mediated cell death have not been fully
elucidated.

Lysosomes are the key intracellular organelles that perform
the digestive function via the endocytic or autophagic pathway
(10). Lysosomal hydrolases and integral lysosomal membrane
proteins are essential for lysosomal function (11). The internal
pH of lysosomes is acidic (below pH 5), which is mainly con-
trolled by the vacuolar H�-ATPase (V-ATPase) complex (12).
On the other hand, lysosomes are known to play a critical role in
autophagy; at the maturation/degradation stage, autophago-
somes fuse with lysosomes to form autolysosomes for degrada-
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tion (13, 14). At present, the effects of ART on autophagy and
lysosome remain controversial. It has been reported that ART
inhibits autophagy via inhibition of lysosomal turnover without
affecting lysosomal functions in breast cancer cells (15). In con-
trast, one recent report showed that ART promotes autophagy
via up-regulating the expression of Beclin 1, which was also
studied in breast cancer cells (16). Moreover, ART-induced
cancer cell death was shown to be dependent on lysosomes,
although the mechanism is unclear (15).

Iron is an essential nutrient, and its intracellular availability is
tightly regulated. One of the key regulatory mechanisms
involves ferritin (17). Ferritin functions as the major iron stor-
age protein in mammals and consists of 24 protein subunits that
can store up to 4,500 atoms of iron per ferritin (18). There are
two subunits of ferritin, ferritin heavy chain (FTH) and ferritin
light chain (FTL). FTH has a ferroxidase function that can cat-
alyze extracellular iron into nontoxic ferric iron form and store
this form of iron in the ferritin complex (19). Ferritin is stable in
iron-rich conditions, whereas it is rapidly degraded under con-
ditions of iron starvation (20). Ferritin has been reported to be
degraded either in the lysosomes or by the proteasomes
depending on the cellular stimulants (21). Recently, the nuclear
receptor coactivator 4 (NCOA4) was identified as the cargo for
the ferritin degradation via autophagic pathway, and the
autophagic turnover of ferritin is termed ferritinophagy (22).
To date, the effect of ART on ferritin and the link between free
iron ions and lysosomal function in ART-induced cell death
have not been well studied.

In this study, we aimed to clarify the effect of ART on
autophagy and lysosomal function as well as to elucidate the
underlying molecular mechanisms of how lysosome is involved
in ART-induced cell death. Here, we utilized a blue fluores-
cence-tagged ART to investigate its localization, and our results
clearly showed that ART accumulates in lysosome. Interest-
ingly, we found that ART promotes lysosomal function via
engaging lysosomal V-ATPase. More importantly, we provided
clear evidence demonstrating that ferritin degradation via lyso-
somes is essential for ART-induced cell death. The results from
our study shed new light on the molecular mechanisms under-
lying ART-induced cell death and support the development of
this important anti-malaria drug as a cancer therapeutic agent.

EXPERIMENTAL PROCEDURES

Cell Culture—HeLa and HepG2 cells were obtained from
American Type Culture Collection. The GFP-LC3-expressing
stable HeLa cells were provided by Dr. N. Mizushima (Tokyo
Medical and Dental University, Japan), TSC2-WT and
TSC2-KO MEFs were obtained from Dr. D. J. Kwiatkowski (23).
All cell lines were maintained in DMEM (Sigma-Aldrich,
D1152) containing 10% fetal bovine serum (HyClone,
SV30160.03) in a 5% CO2 atmosphere at 37 °C.

Western Blotting—After the indicated times of designated
treatments, cells were collected and rinsed with PBS. The whole
cell lysates were prepared in the Laemmli buffer (62.5 mM Tris-
HCl, pH 6.8, 20% glycerol, 2% SDS, 2 mM DTT, phosphatase
inhibitor, and proteinase inhibitor mixture). Protein concen-
trations were determined by the DCTM protein assay (Bio-Rad,
162-0177). An equal amount of protein was resolved by SDS-

PAGE and transferred onto PVDF membrane (Bio-Rad). After
blocking with StartingBlock blocking buffers (Thermo Scien-
tific, 37538), the membrane was probed with designated first
and second antibodies, developed with the enhanced chemilu-
minescence method (Thermo Scientific, 34076), and visualized
using Kodak Image Station 4000R (Eastman Kodak Co.). Anti-
bodies were obtained as follows: anti-microtubule-associated
protein 1 light chain 3 (LC3) antibody (Sigma-Aldrich, L7543),
anti-ATG7 antibody (ProScience, 3617), anti-tubulin (Sigma-
Aldrich, T6199), anti-FLAG (Sigma-Aldrich, F3165), anti-�-
actin (Sigma-Aldrich, A5441), anti-V-ATPase D1 (Santa Cruz
Biotechnology, Inc., SC-69105), anti-V-ATPase B2 (Santa Cruz
Biotechnology, SC-166122), anti-iron-responsive protein 2
(IRP2) (Santa Cruz Biotechnology, SC-33682), anti-FTH
(Abcam, ab65080), anti-FTL (Abcam, ab69090), anti-TFEB
(Bethyl Laboratories, A303-673A), and anti-NCOA4 (Sigma,
SAB1404569). All of the other antibodies were purchased from
Cell Signaling Technology: anti-lysosome-associated mem-
brane protein 1 (LAMP1) antibody (catalog nos. 3243S and
9091S), anti-phospho-S6 (catalog no. 2211), anti-S6 (catalog
no. 2217), caspase 3 (catalog no. 9662), and anti-PARP-1 (cata-
log no. 9542).

Confocal Imaging—Briefly, cells were first cultured on 8-well
Lab-TekTM chambered coverglass (Thermo Scientific, 155411)
overnight, followed by designated treatment. All of the confocal
images were obtained with 60� oil objective (numerical aper-
ture 1.4) lenses of Olympus Fluoview FV1000. The images were
processed with FV10-ASW 3.0 Viewer software.

Detection of Cell Death—Cell death was estimated by mor-
phological changes under phase-contrast microscopy and
quantified by a propidium iodide (PI; 5 �g/ml) exclusion assay
coupled with flow cytometry (BD Biosciences). Western blot-
ting was also used to indicate the cell death via PARP-1 and
caspase-3 cleavages.

Detection of the Intracellular Localization of ART—The cells
were treated with blue fluorescent ART (20 �M, LynxTag-
ARTTMASBlue, from BioLynx Technologies) with or without
bafilomycin A1 (BAF) (50 nM) in full DMEM for 30 min. Sub-
sequently, 50 nM LysoTracker Red DND-99 (LTR; Invitrogen,
L7528) or MitoTracker Red CMXRos (MTR; Invitrogen,
M7512) was added for 30 min. The cells were washed with PBS
twice, and DMEM full medium was added into the well, fol-
lowed by observation under the confocal microscope.

LTR, LysoTracker Green, and MTR Staining—After the des-
ignated treatments, cells were incubated with 50 nM LTR or
LysoTracker Green DND-26 (LTG; Invitrogen, L7526)
reagents in full DMEM for 30 min for labeling and tracking
acidic organelles in live cells. For labeling mitochondria, the
cells were incubated with 50 nM MTR in PBS for 15 min and
then washed twice with PBS followed by incubation of full
DMEM for the imaging or collection for flow cytometry. The
cells in the chambered coverglass were observed under a con-
focal microscope. The cells from the 24-well plate were col-
lected, and the fluorescence intensities of 10,000 cells/sample
were measured by flow cytometry using the BD FACS cytome-
ter (BD Biosciences). We recorded the fluorescence of LTR and
MTR using the FL-2 channel of FACS (BD Biosciences).
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Magic Red Cathepsin B and L Activity Assay—Lysosomal
function was also estimated by the cathepsin B and L enzymatic
activity. After designated treatment, cells were further loaded
with Magic RedTM cathepsin B (Immunochemistry Technolo-
gies, 938) or cathepsin L (Immunochemistry Technologies,
942) reagents for 30 min. The cells in the chambered coverglass
were observed under a confocal microscope. The cells from the
24-well plate were collected, and the fluorescence intensities of
10,000 cells per sample were measured by flow cytometry. We
recorded the fluorescence of Magic Red using the FL-2 channel
of FACS.

Determination of Protein Proteolysis Using DQ Red BSA
Staining—Lysosomal protein proteolysis was estimated by DQ
Red BSA (Invitrogen, D12051) staining. Cells were first incu-
bated with DQ Red BSA for 1 h and then washed with PBS two
times, followed by the designated treatment. The cells in the
chambered coverglass were observed under a confocal micros-
copy. The cells from the 24-well plate were collected, and the
fluorescence intensities of 10,000 cells/sample were measured
by flow cytometry. We recorded the fluorescence of DQ Red
BSA using the FL-3 channel of FACS.

Immunofluorescence Staining—Cells were first cultured in an
8-well chambered coverglass overnight. After the designated
treatment, cells were first fixed with 4% paraformaldehyde in
PBS for 15 min at 37 °C and then permeabilized with 0.01%
saponin in PBS for 10 min. After blocking with 1% BSA in PBS
for 30 min, cells were incubated with V-ATPase B2 primary
antibody (Santa Cruz Biotechnology, SC-166122) in a 1:100
dilution overnight at 4 °C. On the second day, the cells were
then incubated with LAMP1 in a 1:100 dilution (Cell Signaling
Technology, 9091S) for 3 h at room temperature, followed by
Alexa Fluor 488 goat anti-mouse secondary antibody (Invitro-
gen, A-11029) and Alexa Fluor 555 donkey anti-rabbit second-
ary antibody (Invitrogen, A-31572). The cells were examined
using a confocal microscope, and representative cells were
selected and photographed.

Use of in Situ Proximity Ligation Assay to Check the Interac-
tion between V1 and V0 in Situ—The use of two different prox-
imity ligation assay probes with amplifiable DNA reporter
enabled us to visualize and quantify the protein-protein inter-
actions in situ (24). The HeLa cells were first seeded in a 16-well
chamber. Treated cells were first fixed with 4% paraformalde-
hyde for 15 min at 37 °C and then permeabilized with 0.01%
saponin in PBS for 10 min, followed by blocking with 1% BSA in
PBS for 30 min. Cells were then incubated with anti V-ATPase
V1 domain subunit B2 (V1B2) and anti-V-ATPase V0 domain
subunit D1 (V0D1) in a 1:100 dilution, incubated overnight at
4 °C. The chamber was then performed with the procedure
based on the manufacturer’s instructions (Olink Bioscience).

Small Interfering RNA (siRNA) and Transient Transfection—
The scrambled RNAi oligonucleotides (Dharmacon, ON-TAR-
GETplus Non-targeting Pool, D-001810 –10-05) and siRNAs
targeting ATG7 (Dharmacon, SMARTpool, ON-TARGETplus
human ATG7, L-020112-00-0005; target sequences: CCAA-
CACACUCGAGUCUUU, GAUCUAAAUCUCAAACUGA,
GCCCACAGAUGGAGUAGCA, and GCCAGAGGAUUCA-
ACAUGA), TFEB (Dharmacon, SMARTpool, ON-TARGET-
plus human TFEB, L-009798-00-0005; target sequences: CAA-

CAGUGCUCCCAAUAGC, GCAGCCACCUGAAUGUGUA,
UGAAAGGAGACGAAGGUUC, and GCAGAUGCCCAA-
CACGCUA), and NCOA4 (Dharmacon, SMARTpool,
ON-TARGETplus human NCOA4, L-010321-00-0005; tar-
get sequences: CAGAUUCACAGUUGCAUAA, ACAA-
AGAUCUAGCCAAUCA, ACAAGUGGCUGCUUCGAAA,
and GAGAAGUGGUUAUAUCGAA) were transfected into
HeLa cells using the DharmaFECT 4 Transfection Reagent
(Dharmacon, T-2001-02) according to the manufacturer’s pro-
tocol. After 48 h, the cells were subjected to the designated
treatment. For plasmid transfection, HeLa cells were tran-
siently transfected with pcDNA or FTH-FLAG plasmid using
LipofectamineTM 2000 according to the manufacturer’s proto-
col. After 24 h, the cells were treated as indicated.

Measurement of Reactive Oxygen Species (ROS) Production—
CM-H2DCFDA (Invitrogen, C6827) and MitoSOXTM Red
(MSR; Invitrogen, M36008) were chosen for the detection of
intracellular ROS and mitochondrial superoxide production,
respectively. When CM-H2DCFDA passively diffuses into
cells, its acetate groups are cleaved by intracellular esterases
and subsequently oxidized by ROS and yield a fluorescent
adduct, CM-DCF (25). MSR is a fluoroprobe for detection of
superoxide in the mitochondria of live cells (26). Briefly, cells
were first cultured in a Lab-TekTM chambered coverglass or
24-well plate overnight. After the designated treatments, cells
were incubated with 5 �M MSR or 1 �M CM-H2DCFDA in PBS
for 10 min. Then the MSR or CM-H2DCFDA was removed, and
the cells were washed with PBS twice. The cells in the coverglass
were incubated in full medium and observed under a confocal
microscope. The cells in the 24-well plate were collected, and
fluorescence intensity was measured. We recorded the fluores-
cence of CM-DCF using the FL-1 channel and MSR with the
FL-2 channel of FACS (BD Biosciences).

Luciferase Assays—TFEB luciferase vector was provided by
Dr. A. Ballabio (27). The transient transfection of the TFEB
luciferase vector was done in HeLa cells using LipofectamineTM

2000 transfection reagent according to the manufacturer’s pro-
tocols. Renilla luciferase vector was used as a transfection con-
trol. The luciferase activity was measured at 48 h after transfec-
tion using the Dual-Luciferase reporter assay system (Promega,
E1960) based on the protocol provided by the manufacturer.
Briefly, following the treatments, the cell lysate was collected
from each well after the addition of cell lysis reagent. After the
addition of luciferase assay substrate, the firefly luciferase activ-
ity was determined using a luminometer (Promega), and the
Renilla luciferase activity was then measured by adding the
Stop & Glo substrate.

Reverse Transcription and Quantitative Real-time PCR—
RNA was extracted with the RNeasy kit (Qiagen, 217004). A
reverse transcription reaction was performed using 1 �g of total
RNA with iScriptTM Reverse Transcription Supermix for RT-
qPCR (Bio-Rad, 170-8841). The mRNA expression levels were
determined by real-time PCR using SsoFast EvaGreen Super-
mix (Bio-Rad, 172-5201AP) and the CFX96 Touch Real-time
PCR Detection System (Bio-Rad). Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as an internal control
of RNA integrity. Real-time PCR was performed in triplicate.
The primers used for FTH and FTL were purchased from Qia-
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gen: Hs_FTH1_1_SG QuantiTect primer assay (QT00072681)
and Hs_FTL_1_SG QuantiTect Primer Assay (QT00055860).

Statistical Analysis—All Western blot data and image data
presented are representative of three independent experi-
ments. The numeric data except for quantitative RT-PCR data
are presented as mean � S.D. from three independent experi-
ments and analyzed using Student’s t test. Quantitative RT-
PCR data are presented as mean � S.D. from two independent
experiments (each in triplicate).

RESULTS

ART Induces Apoptotic Cell Death in Human Cancer Cells—
ART has been shown to inhibit cell growth, induce radiosensi-
tivity, and enhance TRAIL-induced apoptosis in human cervi-
cal cancer HeLa cells (28 –30). In this study, we first examined
the cytotoxicity of ART on HeLa cells. We found that ART (50
�M for 48 h) caused evident cell death in HeLa cells, as assessed
by morphological changes (Fig. 1A, top), Hoechst staining for
chromatin condensation (Fig. 1A, bottom), and quantitatively
through PI-live cell exclusion test (Fig. 1, B and C). ART-in-
duced cell death was also found to be dose-dependent in HeLa
cells (Fig. 1D). In addition to its toxicity, treatment with ART
alone or combined with N-benzyloxycarbonyl-Phe-Ala-fluo-
romethylketone (Z-VAD-fmk) was also shown to reduce the
number of cells (Fig. 1A), which is consistent with the earlier
findings that ART inhibits cancer cell proliferation (6, 16). To
further examine the type of cell death induced by ART, we
tested the protective effect of the general caspase inhibitor
Z-VAD-fmk on ART-mediated cell death. As shown in Fig. 1,
A–C, the cell death induced by ART was dramatically protected
by Z-VAD-fmk. Consistently, we also observed cleavage of both
caspase-3 (17 kDa) and PARP-1 (89 kDa), both classical mark-
ers of apoptotic cell death in HeLa cells treated with ART (Fig.
1E). The caspase-3 and PARP cleavage can also be blocked by
Z-VAD-fmk (Fig. 1F). Similar results were also observed in
HepG2 cells (data not shown).

ART Accumulates in the Lysosomal Fraction and Activates
Lysosomal Function—In order to understand the molecular
mechanisms underlying ART-mediated cell death, we utilized
LynxTag-ARTTM ASBlue, a blue fluorescence-tagged ART, to
investigate its cellular localization. As shown in Fig. 2, ART was
found to be predominantly localized in lysosomes, as evidenced
by its co-staining with LTR (Fig. 2A) and LAMP1 (Fig. 2B).
There was little colocalization of ART with MTR (Fig. 2C).
Altogether, the data showed that ART accumulates in the lyso-
somes. Notably, treatment with BAF, an inhibitor of lysosomal
acidification via inhibition of the lysosomal V-ATPase activity
(31), abolished LTR staining of the lysosomes (Fig. 2A), whereas
accumulation of ART was not affected by BAF treatment (Fig.
2B), suggesting that ART accumulation in lysosomes is inde-
pendent of lysosomal pH. An earlier study has indicated that
functional lysosomes are required for ART-induced cell death
(15). Here, we investigated the effects of ART on lysosomal
function determined by the following assays: (i) lysosomal pH
indicated by LTR and LTG, (ii) cathepsin enzyme activities
measured by Magic Red fluorescence intensity with both con-
focal microscopy and flow cytometry, and (iii) lysosomal prote-
olysis capability using the DQ Red BSA reagent. As shown in

Fig. 3, A–C and F, ART enhanced LTR and LTG stainings sig-
nificantly, suggesting that ART treatment decreases lysosomal
pH. Moreover, the decrease of lysosomal pH is in a time-depen-
dent manner, as evidenced by the time course increase of the
LTR staining (Fig. 3B). ART also increased the Magic Red
cathepsin L fluorescence intensity when observed under confo-
cal microscopy (Fig. 3C), indicating that ART is able to enhance
the cathepsin L enzymatic activity in HeLa cells. Similar results
were also observed in HepG2 cells (Fig. 3, D and E). Finally, we
found that ART treatment increased the fluorescence intensity
of the DQ Red BSA (Fig. 3F), which indicates that ART pro-
motes the lysosomal proteolysis. To check whether the increase
of the above staining is due to the increase of lysosome number,
we examined the changes of LAMP1 protein level treated with
ART. We first performed immunofluorescence staining of
LAMP1, and the result showed that there was a cluster of lyso-
somes in ART-treated cells (Fig. 3G), which is consistent with
the earlier study (15). We then performed statistical analysis of
the LAMP1 signal, and there was no significant difference
between the control group and ART-treated cells (Fig. 3H). To
further confirm our findings, we then checked the temporal
pattern of LAMP1, and there was no increase of LAMP1 pro-
tein level in ART-treated cells for up to 18 h (Fig. 3I), indicating
that ART treatment does not increase the number of lyso-
somes. Taken together, our data suggest that ART activates
lysosomal function.

Activation of Lysosomal Function by ART Involves V-
ATPase—Earlier studies from our laboratory have shown that
mammalian target of rapamycin complex 1 or mechanistic tar-
get of rapamycin complex 1 (mTORC1), a negative upstream
regulator of autophagy, inhibits lysosomal function in the
course of autophagy (32). ART is known to inhibit the phos-
phoinositide 3-kinase/Akt (PI3K/Akt) pathway (33), and PI3K/
Akt is a positive regulator of mTORC1 (34). Therefore, there is
a possibility that ART activates lysosomal function via sup-
pression of the PI3K/Akt-mTORC1 pathway. As expected,
mTORC1 activity was decreased, as evidenced by the loss of S6
protein phosphorylation with prolonged treatment of ART (for
12 h) (Fig. 4A). Because evident lysosomal activation was found
from 3 h onward in ART-treated cells (Fig. 3B), it appears that
mTORC1 suppression observed in ART-treated cells occurs
later than lysosomal activation, thus excluding the possibility
that lysosomal activation is due to the mTOR inhibition. To
further confirm this finding, we utilized Tsc2�/� and Tsc2�/�

mouse embryonic fibroblasts (MEFs). In Tsc2�/� MEFs, ART
failed to inhibit the phosphorylation of S6 (Fig. 4B), whereas it
was still capable of increasing cathepsin B enzymatic activity
(Fig. 4C), suggesting that mTORC1 inhibition may not play a
role in ART-mediated lysosomal activation. It has been
reported that transcription factor EB (TFEB) plays a critical role
in the biogenesis and function of lysosomes (27). We then tried
to look into the role of TFEB in the course of lysosomal activa-
tion. ART increased the TFEB transcriptional activity in HeLa
cells, as indicated by the increase of luciferase activity at 24 h
(Fig. 4D). However, knockdown of TFEB did not affect lyso-
somal activation induced by ART (Fig. 4, E and F), suggesting
that TFEB was not directly involved in the activation of lyso-
somal function by ART.
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We next investigated the role of lysosomal V-ATPase in the
lysosomal activation induced by ART. V-ATPase is required for
acidification of lysosomes, and it is activated when the periph-
eral V1 and integral V0 domains assemble into a single complex

on the lysosome membrane (12). We therefore examined the
assembly status of the V1 and V0 domain in ART-treated cells.
As shown in Fig. 4G, there was an increase of subunit B2 of V1
domain accumulation on the lysosomes in the ART-treated

FIGURE 1. ART induces apoptosis in cancer cells. A, HeLa cells were treated with ART (50 �M) with or without Z-VAD-fmk (20 �M) for 48 h. Morphological
changes of ART-induced cell death were observed under a light microscope (top) or by using a fluorescent microscope after incubation with Hoechst dye for
30 min (bottom). Scale bar, 200 �m. B, HeLa cells were treated as indicated in A, and the cell death was quantified by flow cytometry using PI (5 �g/ml) staining
(R1 area, representative of viable cells). C, statistical analysis of the percentage of viable cells of three independent experiments performed as in B (mean � S.D.
(error bars)) (**, p � 0.01, Student’s t test). D, HeLa cells were treated with the indicated dose of ART, and cell death was quantified by flow cytometry after PI
staining as described earlier (**, p � 0.01, Student’s t test). E, HeLa cells were collected after treatment with ART (50 �M) for the indicated period of time, and
Western blotting was then performed for the detection of various indicated markers of apoptosis. �-Actin and tubulin served as loading controls. F, HeLa cells
were treated with ART (50 �M) alone or combined with Z-VAD-fmk (20 �M) together for 24 h followed by Western blotting to detect the apoptosis markers.
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group detected by immunofluorescence staining. In order to
confirm such findings, we performed the proximity ligation
assay, and our data clearly showed an increased proximity
between V1B2 and V0D1 upon ART treatment (Fig. 4H). Alto-
gether, the data from this part suggest that ART is able to
enhance lysosomal function via increasing V-ATPase assembly
and activity independent of mTORC1.

Lysosomal Activation Is Independent of ART-induced
Autophagy—Because ART is able to promote lysosomal func-
tion and inhibit mTORC1 activity, we then tested the effect of
ART on autophagy in HeLa cells. We first used HeLa cells with
stable expression of GFP-LC3 protein. LC3, microtubule-asso-
ciated protein 1 light chain 3, the homologue of Atg8 in yeast, is
thought to be engaged in the expansion of autophagosomal
membranes (35). The lipidated and membrane-bound LC3-II is
considered an indicator for autophagosome (36). As shown in
Fig. 5, A and B, ART markedly increased the average area of

GFP-LC3 puncta and changed their distribution pattern (clus-
tered to the perinuclear region), which is consistent with the
earlier finding (15). To confirm whether ART increases the
autophagic flux, we performed a combined treatment of ART
with vinblastine, a microtubule-depolymerizing agent that
inhibits the maturation of autophagic vacuoles (37). As shown
in Fig. 5, A–D, the presence of vinblastine significantly
increased the autophagic markers (both GFP-LC3 puncta and
LC3-II protein level), indicating that ART increases autophagic
flux in HeLa cells. To understand the role of autophagy in ART-
mediated lysosomal activation and cell death, we performed
siRNA knockdown of ATG7, one of the key autophagy-related
genes (ATGs) in mediating autophagosome formation (38). As
shown in Fig. 5E, knockdown of ATG7 abolished LC3-II forma-
tion and ART-induced autophagy. However, knockdown of
ATG7 failed to have any evident effect on lysosomal function in
ART-treated HeLa cells (Fig. 5F), indicating that lysosomal
activation by ART is independent of autophagy.

ART-induced Oxidative Stress and Cell Death Are Lysosome-
dependent—It has been reported that ART is able to increase
intracellular ROS level as an important cell death mechanism
(39). We first used CM-H2DCFDA to measure the intracellular
ROS. ART treatment increased the ROS production, as evi-
denced by the increased CM-DCF fluorescence intensity (Fig.
6A), indicating that ART treatment increases ROS production.
The addition of antioxidant N-acetylcysteine (NAC), which has
been shown to directly react with hydrogen peroxide and
superoxide (40), was able to inhibit the production of ROS
induced by ART (Fig. 6A). Because mitochondria are the main
site of ROS formation and superoxide is the precursor of most
other ROS, such as hydrogen peroxide (41), we next utilized
MSR to detect the superoxide production in mitochondria. As
shown in Fig. 6B, ART treatment significantly increased the
mitochondrial ROS level. The addition of NAC partially pre-
vented ART-mediated mitochondrial ROS production (Fig.
6B). Interestingly, production of mitochondrial ROS was
almost completely abolished by BAF (Fig. 6, C and D), indicat-
ing the possibility that lysosome functions upstream of mito-
chondria in ROS production in ART-treated cells. As expected,
both NAC and BAF significantly protected ART-induced cell
death (Fig. 6E). To further confirm the involvement of lyso-
somes in cellular ROS production upon ART treatment, we
examined the changes of lysosomal function using NAC or
BAF. As shown in Fig. 6F, BAF was able to completely inhibit
ART-induced lysosomal activation, whereas NAC failed to
have any effect, further confirming the earlier notion that lyso-
some acts upstream of mitochondrial ROS production. Taken
together, these data indicate that lysosomes function upstream
of mitochondria in ROS production in ART-treated cells.

Lysosomal Activation, ROS Production, and Cell Death
Induced by ART Is Dependent on Lysosomal Iron—Because fer-
rous iron is essential for the activity of ART (39, 42) and lyso-
somes are known to contain high concentrations of ferrous iron
(43), we utilized deferoxamine mesylate (DFO), a lysosomal
iron chelator, to investigate the role of lysosomal iron in ART-
induced cell death. DFO is known as a lysosomal iron chelator
because of its poor membrane permeability, and thus it enters
into cells through endocytosis and mostly localizes to lyso-

FIGURE 2. ART accumulates in the lysosomes. A, HeLa cells were treated
with blue fluorescent ART (20 �M) or combined with BAF (50 nM) for 30 min,
followed by LTR incubation for 30 min. B, HeLa cells were treated as indicated
in A and then immunostained with LAMP1 (red). C, HeLa cells were treated
with blue fluorescent ART for 30 min and then incubated with MTR. All images
were analyzed using confocal microscopy. Scale bar, 10 �m.
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FIGURE 3. ART activates lysosomal function. A, HeLa cells were first treated with ART (50 �M) for 12 h, followed by LTR labeling for 30 min, and further
analyzed using confocal microscopy. B, HeLa cells were loaded with LTR following time course drug treatment, and fluorescence intensity of 10,000
cells/sample was measured by flow cytometry. C, HeLa cells were treated as indicated in A and then incubated with Magic Red cathepsin L and LTG for
30 min and observed under a confocal microscope. D, HepG2 cells were treated as in A and then labeled with LTR described earlier in A. E, HepG2 cells
were treated as in A, followed by a Magic Red cathepsin B and L assay for 45 min. Fluorescence intensity of 10,000 cells/sample was measured using flow
cytometry. F, HeLa cells were first loaded with DQ Red BSA for 1 h and then treated with ART (50 �M) for 18 h and incubated with LTG for 30 min. G, HeLa
cells were treated with ART for 18 h and then immunostained for LAMP1. H, LAMP1 signals of 80 cells from three independent experiments were
quantified by ImageJ (Student’s t test, #, no significance). I, HeLa cells were treated with ART for the indicated time, and then Western blot was performed
to detect the LAMP1 protein level. Scale bar, 10 �m. Error bars, S.D.
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FIGURE 4. ART increases lysosomal function via increasing V-ATPase assembly. A, HeLa cells were treated with 50 �M ART at the indicated time point.
Western blot was then performed for the detection of S6 protein phosphorylation. B, Tsc2�/� MEFs and Tsc2�/� MEFs were treated with ART (50 �M) for the
indicated period of time and immunoblotted for the indicated markers. C, Tsc2�/� MEFs and Tsc2�/� MEFs were treated with ART (50 �M) for 24 h and then
incubated with Magic Red cathepsin B for 30 min. The fluorescence intensity was analyzed using flow cytometry. D, HeLa cells were transiently transfected with
a TFEB luciferase report vector together with Renilla luciferase vector as a transfection control. Cells were then treated with ART (50 �M) as indicated for a time
course assay (**, p � 0.01, Student’s t test) . E, HeLa cells were transiently transfected with TFEB siRNA or scrambled siRNA as control for 48 h. F, after they were
transiently transfected with TFEB siRNA or scrambled siRNA for 48 h, HeLa cells were treated with ART for 24 h and then incubated with Magic Red cathepsin
B. Fluorescence intensity was quantified by flow cytometry. G, HeLa cells were treated with ART for 12 h and then coimmunostained for V-ATPase B2 (green) and
LAMP1 (red). Scale bar, 10 �m. H, HeLa cells were treated as in G, and then a proximity ligation assay was performed for the detection of interaction between
two subunits of V-ATPase: V1B2 and V0D1. Scale bar, 10 �m. Error bars, S.D.
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somes (44 – 46). Here, we first observed that DFO inhibited
ART-induced lysosomal activation, as evidenced by the follow-
ing: (i) inhibition of lysosomal acidification induced by ART
(Fig. 7A), (ii) blockage of ART-mediated lysosomal enzymatic
activation (Fig. 7B), and (iii) suppression of ART-enhanced lys-
osomal proteolysis (Fig. 7C). Moreover, mitochondrial ROS

production induced by ART was also inhibited by DFO (Fig.
7D). Consequently, DFO was shown to completely block ART-
induced cell death (Fig. 7E). In summary, these data indicate
that lysosomal iron plays a critical role in ART-induced lyso-
somal activation, mitochondrial ROS production, and cell
death.

FIGURE 5. ART induces autophagy. A, HeLa cells with stable expression of GFP-LC3 were treated with 50 �M ART or combined with vinblastine (VIN; 1 �M) for
16 h. Autophagosomes were inferred by the presence of GFP-LC3 puncta under confocal microscopy. Scale bar, 10 �m. B, stable GFP-LC3 HeLa cells were
treated as in A, fluorescence images were taken using confocal microscope, and the area of GFP-LC3 puncta was quantified using ImageJ. Data (mean � S.D.
(error bars)) are representative of three independent experiments (*, p � 0.05, Student’s t test). C, HeLa cells were treated as in A, and Western blot was then
performed for the detection of LC3-II abundance. D, the band density of LC3-II protein was quantified using ImageQuant TL (GE Healthcare). Data (mean � S.D.)
are representative of three independent experiments (*, p � 0.05, Student’s t test). E, HeLa cells were transfected with ATG7 siRNA or scrambled siRNA for 48 h.
F, after 48 h of siRNA transfection, HeLa cells were treated with ART for 24 h, followed by cathepsin B and L enzymatic activities determined using Magic Red
staining coupled with flow cytometry.
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ART Promotes Ferritin Degradation in the Lysosomes—The
iron level within lysosomes is high because lysosomes release
the iron from transferrin or degrade iron-containing proteins,
such as ferritin, in the acidic environment (43). Ferritin is the
major iron storage protein in cells (18), and it has been shown to
be degraded in the lysosomes under iron-depleted conditions in

cancer cells (20). On the other hand, it has also been shown that
ferritin can be degraded by the proteasome (21). Because our
results showed that ART accumulates in lysosomes and acti-
vates lysosomal function (Figs. 2 and 3), we hypothesized that
ART may promote ferritin degradation in lysosomes. To test
this hypothesis, we first examined the changes of both FTH and

FIGURE 6. Mitochondrial ROS production induced by ART can be inhibited by lysosomal inhibitor. A, HeLa cells were treated with ART with or without NAC
for 24 h, followed by incubation with CM-H2DCFDA. The fluorescence intensity was analyzed by flow cytometry. B, HeLa cells were treated as in A, followed by
incubation with MSR. The fluorescence intensity was analyzed by flow cytometry. C, HeLa cells were treated with ART with or without BAF (50 nM) for 24 h,
followed by incubation with LTG for 30 min and then MSR in PBS for 15 min. The cells were then observed under a confocal microscope. Scale bar, 10 �m. D,
HeLa cells were treated as in C, and fluorescence intensity of MSR was recorded by flow cytometry. E, HeLa cells were treated with ART with or without BAF (50
nM) or NAC for 48 h. The cell viability was quantified by flow cytometry using a PI exclusion assay. Data (mean � S.D. (error bars)) are representative of three
independent experiments (*, p � 0.05; **, p � 0.01, Student’s t test). F, HeLa cells were treated with ART with or without BAF as indicated for 12 h, and Magic
Red cathepsin B and L activities were then determined by flow cytometry.
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FTL in cells treated with ART. We observed a time- and dose-
dependent reduction of their protein level (Fig. 8, A and B). To
check whether the decreased ferritin protein level is due to
enhanced protein degradation, we first measured the mRNA
level of ferritin. As shown in Fig. 8C, there was a time-depen-
dent increase of mRNA level in ART-treated cells, suggesting
that the reduced ferritin protein level by ART is unlikely via
suppression of transcription. Although we observed a decrease
of ferritin mRNA level in DFO-treated cells, reduction of the
mRNA level (after 6 h) occurred later than that of protein (from
3 h onward) (data not shown), indicating that suppression of
transcription is unlikely to be an important mechanism for the
reduced ferritin protein level in DFO-treated cells. We next
inhibited the lysosomal function by lysosomal inhibitor BAF and
found that both ART and DFO-reduced ferritin protein level were
completely blocked (Fig. 8, D and E). In contrast, proteasome
inhibitor MG132 cannot fully inhibit ferritin degradation induced
by ART (Fig. 8D). These results thus indicate that ART-induced

ferritin degradation is mainly performed by the lysosomes. To
check the intracellular iron level cells treated with ART or BAF, we
then examined the levels of IRP2. IRP2 is stabilized in response to
low iron level, whereas it is degraded under high iron levels (47). As
shown in Fig. 8F, BAF significantly increased the IRP2 protein
level, which is similar to that of the DFO-treated group, suggesting
that BAF decreases the intracellular iron level. We also observed
that ART increased the IRP2 level, confirming the notion that the
bioactivity of ART requires iron.

Lysosomal Delivery and Degradation of Ferritin Is Required
for ART-induced Cell Death—To investigate the role of ferritin
degradation in ART-induced cell death, we overexpressed
FLAG-tagged FTH, which has been shown to decrease the cyto-
solic iron level and to increase the resistance to oxidative stress
(48). As shown in Fig. 9A, there was no reduction of FLAG-FTH
protein level in ART-treated cells. Also, overexpression of FTH
significantly protected ART-induced cell death, especially in
higher concentrations of ART-treated cells (Fig. 9B), suggesting

FIGURE 7. Chelating of lysosome iron is able to inhibit the cell death and lysosome activation induced by ART. A, HeLa cells were treated with 50 �M ART
alone or combined with DFO (100 �M) for 16 h, and lysosomal pH was indicated by LTR fluorescence intensity. B, HeLa cells were treated as indicated in A. Magic
Red cathepsin B and L activities were determined as in Fig. 4C. C, HeLa cells were first loaded with DQ Red BSA for 1 h and then treated as indicated in A. The DQ
Red BSA fluorescence intensity was analyzed by flow cytometry. D, HeLa cells were treated as indicated in A, and mitochondrial ROS were observed as indicated
in Fig. 6C. E, HeLa cells were treated with 50 �M ART alone or combined with DFO (100 �M) for 48 h. The cell viability was quantified as indicated in Fig. 1B. Data
(mean � S.D. (error bars)) are representative of three independent experiments (**, p � 0.01, Student’s t test).
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that ferritin degradation plays an important role in ART-in-
duced cell death. A recent report has identified NCOA4 as a
cargo receptor mediating the delivery and degradation of ferri-
tin in lysosomes (22). Here we used RNAi to knock down
NCOA4 and then checked ART-induced cell death. As shown
in Fig. 9C, knockdown of NCOA4 blocked ferritin degradation
(both heavy chain and light chain). Consistently, knockdown of
NCOA4 offered significant protection against ART-induced

cell death in HeLa cells (Fig. 9D). Altogether, these data suggest
that it is not the lysosomes per se required for ART-induced cell
death, but delivery and degradation of ferritin in lysosomes is
required for ART-induced cell death.

DISCUSSION

One important finding from our study is the activation of
lysosomal functions by ART, based on two main observations.

FIGURE 8. Degradation of ferritin induced by ART is inhibited by lysosomal inhibitor. A, HeLa cells were treated with 50 �M ART at the indicated time point.
Western blotting was then performed for the detection of FTH and FTL abundance. B, HeLa cells were treated with ART at the indicated dose for 24 h. C, HeLa
cells were treated with 50 �M ART at the indicated time point, and the FTH (left) and FTL (right) mRNA levels were measured by quantitative RT-PCR. Values are
expressed as -fold increase compared with the control group. Data are presented as mean � S.D. (error bars) from two independent experiments (each in
triplicate) (*, p � 0.05; **, p � 0.01 compared with their respective group in the control cells, Student’s t test). D, HeLa cells were treated with BAF (50 nM), DFO
(100 �M), and MG132 (2 �M) with or without ART (50 �M) for 24 h. E, HeLa cells were pretreated with DFO for 2 h and then incubated with 50 nM BAF for 6 h.
Western blot was then performed for detection of FTH and FTL abundance. F, HeLa cells were treated with ART, BAF, and DFO for the indicated times. IRP2 level
was measured by Western blot.
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First, ART accumulates in the lysosomes (Fig. 2); second, ART
increases lysosomal acidification, cathepsin enzyme activity,
and protein degradation via promoting lysosomal V-ATPase
assembly (Figs. 3 and 4). Accumulation of ART in lysosomes is
indeed consistent with the findings in the malaria parasite, in
which artemisinin was found to be accumulated in the para-
site’s digestive food vacuole (49). Although one earlier study
showed that acridine-based fluorescence-labeled artemisinin
did not localize into the parasite food vacuole (50), it was later
found that this inconsistency was due to the quenching of fluo-
rescence of this acridine-based fluorophore in the acidic food
vacuole (51). At present, the exact mechanism for the lysosomal

accumulation by ART is not known. Nevertheless, our data
indicate that it is lysosomal pH-independent.

In an attempt to understand the underlying mechanisms of
ART-mediated lysosomal activation, we investigated the possi-
ble role of lysosomal V-ATPase and found that the assembly
status of the V1 domain and V0 domain of V-ATPase was
increased by ART treatment (Fig. 4, G and H). The V-ATPase
complex contains two domains: peripheral V1 domain and inte-
gral V0 domain. The V1 domain consists of eight different sub-
units (A–H) and is responsible for ATP hydrolysis, whereas the
V0 domain, composed of six subunits, drives proton from cyto-
plasm to the lumen (52, 53). Based on the reversible association

FIGURE 9. Ferritin degradation is required for ART-induced cell death. A, HeLa cells were transiently transfected with pcDNA or FLAG-tagged FTH plasmid
(FLAG-FTH) for 48 h, followed by ART (50 �M) treatment for 24 h. B, HeLa cells were transiently transfected with FLAG-FTH for 48 h and then treated with ART
for 48 h. The cell viability was quantified by flow cytometry after PI staining. C, HeLa cells were transiently transfected with scrambled siRNA or NCOA4 siRNA
for 48 h. D, HeLa cells were transiently transfected with scrambled siRNA and NCOA4 siRNA for 48 h and then treated with ART for 48 h. The cell viability was
quantified by flow cytometry using a PI live cell exclusion assay (*, p � 0.05; **, p � 0.01, Student’s t test). E, illustration showing the mode of action by ART on
cell death. Error bars, S.D.
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model, V-ATPase is active when the two domains assemble into
a single complex on the lysosome membrane (12, 54). There-
fore, ART may increase lysosomal V-ATPase activity via pro-
moting the assembly status of the two domains. Apparently, our
data differ from an earlier report in which ART did not affect
lysosomal pH and cathepsin B activity (15). One possibility
underlying the discrepancy between these two studies is the
different cell culture conditions used; in our study, cells were
treated with ART in full medium (high glucose DMEM with
10% FBS), whereas Hamacher-Brady et al. (15) treated cells in
Krebs-Henseleit solution, a defined glucose-containing basic
salt solution. Because lysosomal function is known to be up-
regulated in the course of autophagy (32, 55), it is likely that
lysosomal activity was increased when the cells were cultured in
Krebs-Henseleit solution, thus making it hard to detect the fur-
ther activation of lysosomal function by ART in this context.

The effect of ART on autophagy was first reported by Ham-
acher-Brady et al. (15). They found that ART inhibits
autophagy via disrupting endolysosomal trafficking. In their
study, they showed that (i) ART induces perinuclear clustering
of autophagosomes, early and late endosomes, and lysosomes;
(ii) lysosomal iron is upstream of mitochondrial outer mem-
brane permeabilization; and (iii) lysosomal inhibitors are able
to inhibit ART-induced cell death. We also found similar
results (Figs. 3G, 5A, 6E, and 7E). However, we found that ART
is able to induce autophagy, based on the observations that ART
increased autophagosomes formation and enhanced auto-
phagic flux (Fig. 5, A–D). We also demonstrate that ART
induces autophagy via a dual mechanism: suppression of
mTORC1 activity (Fig. 4, A and B) and activation of lysosomal
function (Fig. 3). With regard to the discrepancy, it is believed
that, in addition to the different contexts of the experiments
(cell type, culture medium, etc.), another possible cause is a
difference in data interpretation. For example, the clustered
autophagosomes, early and late endosomes, and lysosomes in
response to ART were interpreted as evidence for the inhibitory
effect of ART on autophagy (15). However, it has been shown
that during starvation-mediated autophagy, there is a perinu-
clear clustering of lysosomes driven by changes of intracellular
pH (56). Therefore, we believe that this perinuclear clustering
of lysosomes is, in fact, an indication of autophagy induction.
Indeed, one recent report showed that ART induces autophagy
via up-regulation of Beclin 1 expression (16). Moreover, our
findings are consistent with three other reports suggesting that
DHA was able to induce autophagy in cancer cells (57–59).
DHA is a derivative of artemisinin, with a mechanistic action
similar to that of ART (50, 60). Therefore, it is reasonable to
postulate that ART might have a similar effect on autophagy as
DHA.

It has been well established that ROS is the major cause of
ART-induced cell death (39, 61, 62). Several mechanisms have
been proposed for ART-induced oxidative stress. On one hand,
it has been shown that the mitochondrial electron transport
chain is involved in ROS generation induced by ART (39). On
the other hand, ART was able to inhibit the expression and
activities of the antioxidant superoxide dismutase in ovalbu-
min-challenged mice (63). In our study, we observed that
increase of mitochondrial ROS (measured by MitoSOX Red)

occurred at an earlier time point (6 h), prior to ART-induced
cell death (after 18 h) (data not shown). In addition, the antiox-
idant NAC reduced ROS level and showed a protective effect on
ART-induced cell death (Fig. 6E). All of these observations sup-
port the notion that oxidative stress contributes to cell death.
As discussed earlier, the endoperoxide bridge of ART is broken
by ferrous iron, and then ART becomes free radicals to target
cellular organelles, such as mitochondria, and eventually leads
to cell death (64). Consistent with earlier findings (15), we also
found that DFO, the lysosomal iron chelator, was able to reduce
ROS level and cell death (Fig. 7, D and E), implicating lysosomal
iron as a critical mediator in ART-induced mitochondrial ROS
production and cell death. Because iron released from ferritin
degradation inside the lysosome can be utilized by the cells (20),
it is possible that enhanced lysosomal degradation of ferritin
induced by ART leads to the transient increase of cytosolic fer-
rous iron, which then affects the mitochondria, leading to
enhanced mitochondrial ROS production.

To understand the involvement of lysosomes in iron-related
bioactivity of ART, we examined the changes of ferritin, which
consists of FTH and FTL. On one hand, ferritin protein can be
regulated at the post-transcriptional level, in which IRP binds
with ferritin 5�-iron-responsive element to repress its transla-
tion under iron-depleted conditions (17). On the other hand,
there is evidence showing that DFO induces ferritin degrada-
tion through the lysosomal pathway (20, 21, 65). In this study,
we also observed that BAF completely blocked ART- and DFO-
mediated FTH and FTL degradation (Fig. 8, D and E), suggest-
ing that ART- or DFO-mediated reduction of ferritin protein
level is probably via lysosome-dependent degradation. Notably,
although DFO induces ferritin degradation, the released iron
from ferritin degradation is effectively chelated by DFO, leading
to the protective effect of DFO on ART-induced cell death.

Earlier studies have shown that both lysosomes and protea-
somes are involved in ferritin degradation (21). The lysosomal
inhibitor BAF has been shown to be able to inhibit the ferritin
degradation (20). However, the effect of BAF on the iron release
from lysosome is controversial. On the one hand, BAF treat-
ment attenuates iron release from lysosomes in MEFs (20). On
the other hand, it has been reported that BAF treatment pro-
motes the release of lysosomal iron in hepatocytes (66). More-
over, such a mechanism has been attributed to the fact that BAF
is capable of enhancing the cytotoxicity of phthalocyanine
4-PDT (photodynamic therapy) in A431 cancer cells and in
human head and neck squamous carcinoma cells via increased
mitochondrial iron uptake (67, 68). In our study, we found that
BAF decreases intracellular iron level, indicated by the increase
of the IRP2 protein level (Fig. 8F). Therefore, the protective
effect of BAF against ART-mediated cell death is achieved via
blockage of ferritin degradation and subsequent iron release.
However, one intriguing finding is that overexpression of FTH
cannot completely prevent ART-induced cell death (Fig. 9B).
One possibility is that although FTH homopolymers are func-
tional in sequestering iron, they are less efficient than the H/L
heteropolymers, based on an earlier report that FTH overex-
pression only led to a 50% reduction of labile iron pool (chelat-
able and redox active iron) in HeLa cells (48). Therefore, there is
still a proportion of labile iron for the toxicity of artesunate. In
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addition, in cells with FTH overexpression, iron still can be
released from FTL degradation (Fig. 9A), which will activate
artesunate and cause its cytotoxicity.

As we have discussed earlier, functional lysosomes have been
shown to be required for ART-induced cell death, although the
mechanism is unknown (15). Our results also showed that lyso-
somes play an important role in ART-induced cell death, based
on the following observations: (i) ART accumulated in the lyso-
somes (Fig. 2); (ii) ART activated lysosomal functions, as dis-
cussed earlier (Fig. 3); and (iii) BAF, a lysosomal V-ATPase
inhibitor, was able to effectively inhibit the cell death induced
by ART (Fig. 6C). Moreover, ART showed little toxicity effect
on NCOA4 knockdown cells (Fig. 9D), further confirming the
notion that ferritin delivery and degradation in lysosomes is
required for the toxicity of ART. Therefore, lysosomal inhibi-
tors significantly protect the cells from ART-induced cell death
via blockage of ferritin degradation (Fig. 8D). In fact, we also
found that chloroquine inhibited the ferritin degradation and
cell death induced by ART as efficiently as BAF (data not
shown). Interestingly, we observed reduced cell viability in
NCOA4 knockdown cells (Fig. 9D), indicating the importance
of ferritin delivery and degradation in lysosomes in maintaining
cell viability.

In summary, we demonstrate a novel mechanism underlying
ART-induced cancer cell death. As shown in Fig. 9E, ART accu-
mulates in lysosomes and reacts with lysosomal iron. The acti-
vated ART then promotes lysosomal function via enhancing
V-ATPase assembly. One major source of iron for the cytotox-
icity of ART is attained from the degradation of ferritin by lyso-
somes. In conclusion, we propose a new model of action on the
mechanism of ART-induced cell death by focusing on lyso-
somal activation and ferritin degradation. At present, there is
evidence demonstrating higher iron levels in cancer cells than
in non-cancerous cells, and iron has been targeted for cancer
therapy and prevention (69). Therefore, the results from our
study support the development of this important anti-malaria
drug as a cancer therapeutic agent.
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